Vibrio cholerae, the etiologic agent of the diarrheal disease cholera, is a Gram-negative bacterium that belongs to the ␥ subdivision of the family Proteobacteriaceae. The physical map of the genome has been reported, and the genome has been described as a single 3.2-Mb chromosome [Majumder, R., et al. (1996) J. Bacteriol. 178, 1105-1112]. By using pulsed-field gel electrophoresis of genomic DNA immobilized in agarose plugs and digested with the restriction enzymes I-CeuI, SfiI, and NotI, we have also constructed the physical map of V. cholerae. Our analysis estimates the size of the genome at 4.0 Mb, 25% larger than the physical map reported by others. Our most notable finding is, however, that the V. cholerae chromosome appears to be not the single chromosome reported but two unique and separate circular megareplicons.
A comprehensive Vibrio cholerae genetic map has been unattainable because of the relative paucity of efficient genetic exchange systems for this organism. Conjugation in V. cholerae is possible and is mediated by the P factor, but unlike the F factor of Escherichia coli, the P factor cannot integrate into the chromosome, and hence cannot induce Hfr donors. Although many genes have been mapped relative to one another, the distance within these gene clusters is small relative to the entire genome; thus, a physical map is needed to determine the positions of genes on the chromosome.
Pulsed-field gel electrophoresis (PFGE) has been used to assess genomic diversity, to identify the location of specific genes, to determine the size of the genome, to detect gross chromosome alterations, and to document the existence of multiple replicons in a bacterium. Previously, the existence of multiple chromosomes or permanent megareplicons in the family Proteobacteriaceae has been primarily limited to members of the ␣ subdivision [the exception being Burkholderia cepacia (1) , a member of the ␤ subdivision]. Members of the ␣ group demonstrated to have two-chromosome genomes include Brucella melitensis (2) , Rhodobacter sphaeroides (3), Agrobacterium tumefaciens (4) , and Rhizobium meliloti (5) . We now report that V. cholerae contains not the single circular chromosome previously reported (6) , but two chromosomes.
MATERIALS AND METHODS
Bacterial Strains. V. cholerae 395, a classical Ogawa strain, and V. cholerae E7946, an El Tor Ogawa strain were from collections at the Center for Vaccine Development and have previously been demonstrated to produce cholera in volunteers (7) . V. cholerae AI1837, an O139 Bengal strain, was isolated from a Bangladeshi patient with severe cholera in early 1993 (a gift of M. J. Albert, International Centre for Diarrheal Disease Research, Bangladesh) and also has been shown to produce cholera in volunteers (8) . V. cholerae 392, a non-O1 environmental isolate, was from collections at the Center for Vaccine Development. V. cholerae S-21, a non-O1 clinical isolate and Vibrio mimicus strain 2031 were a gift of J. Powell, Division of Hospital Epidemiology, University of Maryland, Baltimore.
Pulsed-Field Gel Electrophoresis. Chromosomal DNA was prepared from the bacterial strains by using the technique of Trucksis et al. (9) with minor modification. The bacteria were grown in Luria-Bertani (LB) broth at 37°C to an optical density at 600 nm of 0.9. Cells were washed according to previously described protocols (9) and mixed with an equal volume of 2.0% inbed agarose (New England Biolabs) and cast in a mold. The individual agarose inserts were treated as previously described (9) except that lysozyme (5 mg͞ml) was substituted for lysostaphin. After processing, the inserts were incubated for at least 6 hr with restriction enzyme I-CeuI or NotI at 37°C or with SfiI at 50°C. Electrophoresis was performed with either a CHEF-DR II or III system (Bio-Rad) in 0.5ϫ TBE buffer (45 mM Tris͞45 mM boric acid͞1 mM EDTA, pH 8.3) at 4-10°C. Different electrophoresis conditions used were based on the size of the DNA fragments to be resolved. Electrophoresis parameters are given in each figure legend. After electrophoresis, gels were stained with ethidium bromide. The molecular weights of restriction fragments were determined by comparison with DNA concatamers, Saccharomyces cerevisiae chromosome, and low-range pulsed-field gel markers (New England Biolabs) as molecular weight markers.
Southern Blotting. Southern blots of restriction endonucleasedigested DNAs were transferred to Magnagraph nylon membrane (Micron Separations, Westboro, MA). The genes were mapped by using either restriction fragments isolated from plasmids containing the cloned genes or with oligonucleotide probes derived from published gene sequences (Table 1) . DNA fragment probes were labeled with [␣-32 P]dCTP by using the randomprimed DNA labeling kit (Amersham) according to the instructions of the manufacturer. Hybridizations were performed at 37°C in 25% formamide buffer. The following oligonucleotide gene probes were used: pcd4, 5Ј-ACTGAAGGCTCTCATCA-CAGGCATG-3Ј; ompW, 5Ј-TTGCCTAGCCGTACTTGCAG-CCCTA-3Ј; mutL, 5Ј-ATGACTGCGACCGAGAAGATAGA-AG-3Ј; ompV, 5Ј-TCTAGGCACTTATCTGACTGGCAGC-3Ј; and hlyT, 5Ј-GCTATCTATCACAGTGATGCCGTGT-3Ј. The oligonucleotides were radiolabeled with [␥-32 P]dATP by using a 5Ј end labeling protocol (10) . The rpoS gene probe was a 600-bp fragment amplified from E. coli strain NM522 (11) genomic DNA using primers T1 (5Ј-GCGCGTCGCGCACTGCGTGG-3Ј) and T2 (5Ј-CTGGCCAGCACTTCACGCTG-3Ј) derived from the published E. coli DNA sequence (12) . PCR with Taq polymerase (2 units) was performed in 50 l containing chromosomal DNA template (50 ng), primers (2 M each), dNTPs (200 M), MgCl 2 (2 mM), (NH 4 ) 2 SO 4 (17 mM), dimethyl sulfoxide (5 l), and 2-mercaptoethanol (0.07%). The amplification cycle was denaturation at 94°C for 1 min, annealing at 50°C for 2 min, and extension at 72°C for 2 min. The amplification cycle was repeated 29 times and followed by final extension at 72°C for 10 min.
Isolation of SfiI or I-CeuI Linking Fragments. To isolate SfiI-linking fragments of V. cholerae genomic DNA, a comparison was made of the PFGE pattern of V. cholerae 395 genomic DNA digested with NotI alone or NotI plus SfiI. NotI fragments that disappeared in the double-digestion products identified those NotI fragments having SfiI site(s). The NotI fragments identified as containing SfiI sites were excised from agarose gels, digested to completion with HindIII (which cuts V. cholerae DNA frequently), and labeled with [␣-32 P]dCTP as above. These linking probes were then used in Southern hybridizations of SfiI-digested V. cholerae 395 genomic DNA. In a similar manner, a comparison was made of the PFGE pattern of V. cholerae 395 genomic DNA digested with SfiI alone or I-CeuI plus SfiI. SfiI fragments that disappeared in the double-digestion products identified those SfiI fragments having I-CeuI site(s). These I-CeuI linking fragments were used in a Southern hybridization as was done for the SfiI linking fragments.
RESULTS
Genome Size. The size of the V. cholerae 395 genome was estimated by compilation of the fragment sizes resulting from SfiI restriction enzyme digestion (Table 2) . Several bands resulting from SfiI digestion had an increased staining intensity relative to other bands. These were determined to be doublets after they were excised from the gel and digested with a second restriction enzyme, NotI; the summation of the resulting fragments was found to be twice that of the original-sized SfiI fragment. The SfiI digestion yielded 33 fragments from 364 to 4 kb in size, which were designated A thru GG (Fig. 1) . The sum of the fragments yielded a genome size estimated to be 3,988 kb. The I-CeuI-digested genomic DNA produced 10 fragments discernible following ethidium bromide staining of PFGE (Fig. 2) . The fragments ranged in size from 1,579 to 5 kb, and were designated 1 to 10.
The V. cholerae Genome Contains Two Replicons. An interesting observation was noted when intact V. cholerae DNA was electrophoresed. For this experiment, total undigested genomic DNA was electrophoresed side-by-side with I-CeuIdigested genomic DNA (Fig. 3) . The undigested genomic DNA appeared as two megabase-sized fragments. The top fragment (replicon I) appeared as a diffuse smear on the gel, suggesting that it was chromosomal DNA, and the lower fragment (replicon II) appeared as a more distinct band. The I-CeuIdigested genomic DNA appeared as 10 bands. Band 2 in the I-CeuI digestion appeared the same as the smaller band in the undigested DNA (Fig. 3) . In our preparations of I-CeuIdigested DNA, band 2 always appeared to stain with less intensity than the other bands, suggesting a difference in ethidium bromide uptake that would occur if band 2 was covalently closed circular rather than linear DNA (Fig. 2 A) . When total genomic DNA was subjected to I-SceI digestion, the result was two bands (data not shown). The migration of the smaller band was the same as band 2 of the I-CeuI-digested DNA and the smaller band in the undigested DNA. These results are consistent with the second band in all three preparations representing a circular replicon that is uncut by I-CeuI or I-SceI. PFGE of undigested genomic DNA prepared from other strains of V. cholerae, an El Tor biotype strain E7946 (data not shown), a prototypic O139 serotype strain AI1837 (Fig. 3) , and non-O1 strains 392 and S-21 (data not shown) also revealed two bands migrating about the same distance as the two replicons of the V. cholerae classical biotype strain 395 (Fig. 3) . Examination of V. mimicus confirmed the presence of two bands following PFGE of undigested genomic DNA. Thus, these members of the genus Vibrio, and most likely all Vibrio species, have two unique replicons.
The Circular Map of the 2.4-Mb and 1.6-Mb Replicons. To order the SfiI fragments within the two largest bands separated in the I-CeuI digest, bands 1 and 2 were excised from the agarose gel and digested with a second restriction enzyme, SfiI. The digests were electrophoresed in parallel and with an SfiI digest of total genomic DNA. I-CeuI band 1 yielded 13 discernible SfiI fragments, of which 11 corresponded to fragments present in the total genomic DNA SfiI digest and two were new bands not present in the total genomic DNA SfiI digest and therefore represent I-CeuI-SfiI fragments. These two bands represent part of the SfiI fragments (L and D) present at the ends of the large I-CeuI fragment. The intact SfiI bands contained in band 1 of the I-CeuI digest were B, H, K, O, R, S, W, X, Z, AA, and CC.
I-CeuI band 2 excised from the agarose gel and digested with SfiI produced 10 discernible fragments, all of which corresponded to fragments present in the total genomic DNA SfiI digest. These corresponded to SfiI bands C, E, F, G, J, M, N, T, U, and BB. The summation of the SfiI fragments gave a size of 1579 kb for the second replicon. The linkage map of these SfiI bands was established by using NotI fragments encoding an SfiI site(s). Linkage confirmed the unique and separate circular nature of the second replicon.
A comparison was made of the PFGE pattern of V. cholerae 395 genomic DNA digested with SfiI or I-CeuI and SfiI. SfiI fragments that disappeared in the double-digestion identified those SfiI fragments having I-CeuI site(s). These became I-CeuI linking fragments and were used as probes in a Southern hybridization of I-CeuI-digested genomic DNA. Each probe (an SfiI fragment containing an I-CeuI site) hybridized with two of the I-CeuI genomic DNA fragments except for SfiI fragment A, which hybridized with I-CeuI bands 4, 5, 6, 7, and 9 (data not shown). The order of these I-CeuI bands was determined by using NotI linking fragments (see below) and the hybridization signals of specific gene probes ( Table 1) . None of the I-CeuI linking fragments hybridized with I-CeuI band 2. The analysis of this data allowed the determination of two circular maps of all 10 I-CeuI bands (Fig. 4) . The exact position of the smallest I-CeuI band (band 10) could not be determined. This band may represent the recently described cryptic plasmid linked to the CTX prophage (13) and thus may be extrachromosomal. The sizes of bands one and two were determined by summation of their SfiI fragments. The mobility of band 2 in the I-CeuI digestion is aberrant relative to the other fragments because of the covalently closed circular nature of this species.
To construct the SfiI linkage map, a comparison was made of the PFGE pattern of V. cholerae 395 genomic DNA digested with NotI alone or SfiI plus NotI. NotI fragments that contained SfiI site(s) were used as probes in a Southern hybridization of SfiI-digested genomic DNA.
Positioning of V. cholerae Genes on the Physical Map. The relative chromosomal locations of 44 genes (including 9 rrn operons) were determined on the physical map of V. cholerae 395 genome by hybridization using homologous or heterologous genes or synthetic oligonucleotides as probes ( Table 1) . The genes were positioned arbitrarily on fragments to which they hybridized and do not reflect the true order of genes within each chromosomal fragment. The I-CeuI sites were taken as the positions of the rrn operons.
A copy of the V. cholerae CTX element (14) encoding cep, orfU, ace, zot, and ctxAB was found on each of the replicons. This placement is consistent with previous reports that the two copies of ctxAB are widely separated in the classical biotypes of V. cholerae (15) . The toxR virulence gene regulator and the V. cholerae pathogenicity island (16) containing the tcp operon, as well as all of the rrn operons, were located on the larger replicon.
DISCUSSION
Our suspicion that the V. cholerae chromosome may exist as two separate replicons was based on the observation that when undigested genomic DNA was subjected to electrophoresis, two megabase-sized fragments were visible. In addition, we were unable to convincingly link the I-CeuI fragments into a single circular chromosome. The final clue came from the observation that immobilized genomic DNA subjected to pulsed-field gel electrophoresis after digestion with another rarely cutting restriction enzyme, I-SceI, produced two fragments, the smaller of which appeared exactly like one of two megabase-sized fragments produced by I-CeuI digestion. This fragment in both digestions always appeared to stain lighter than the other bands. We now have confirmed (by linkage of SfiI fragments contained in this band) that this fragment was not cut by either I-SceI or I-CeuI; the presumed reason it did not stain well was because it was constrained in its uptake of ethidium bromide by its covalently closed circular nature, i.e., it was a separate circular megareplicon.
This study demonstrates multiple replicons in V. cholerae, an enteric bacterial pathogen with a complex genomic structure. Proteobacteriaceae consists of four subdivisions, ␦͞, ␣, ␥, and ␤ in the Woese classification based on 16S rRNA sequences (17) . Previously, bacteria in the Proteobacteriaceae shown to have a multiple-replicon genome (except for Burkholderia cepacia) were all members of the ␣ group, which also contains bacteria that have a single chromosome. Similarly, the ␥ subdivision, which includes the genus Vibrio, contains bacteria that also have a single chromosome, such as Pseudomonas aeruginosa and E. coli. Thus,there appears to be heterogeneity in genomic structure within the subdivisions. Other members of the ␥ subdivision should be examined to determine whether the genus Vibrio is an exception or whether this complex genomic structure is more prevalent.
An important question is whether the two replicons of V. cholerae represent two chromosomes. The definition of a chromosome versus a megaplasmid is the subject of some debate (18, 19) . Most investigators suggest that the presence of essential or housekeeping genes defines a chromosome. These could include 16S rRNA genes, metabolically essential genes (such as those encoding proteins involved in metabolism of amino acids), or heat-shock proteins (such as groE or dnaK). Other properties suggested as necessary to define a chromosome include a size representing some significant percentage of the total genome, non-self-transmissibility, or the observa- tion that the replicon is consistently present in strains. We would conclude that the second replicon represents a chromosome for the following reasons. First, the second replicon represents 40% of the entire genome by size. Second, all three V. cholerae strains examined, representing a classical, an El Tor, and an O139 serotype, contain both replicons. Third, both replicons are present in a fixed stoichiometry relative to each other. Finally, each replicon contains unique genes, the only duplication seen so far being the presence of the CTX element in both replicons of the classical biotype.
The finding that the V. cholerae chromosome consists of two unique and circular replicons could account for the difficulty in constructing a comprehensive genetic map of V. cholerae using traditional chromosome mobilization techniques. In one study (20) , most chromosomal markers could be assigned to one of three linkage groups, but some markers showed little or no linkage. In a later study (21) , a circular map was presented, but 85% of the markers clustered into Ϸ25% of the map, and the remaining three markers were positioned at widely scattered intervals throughout the rest of the map.
V. cholerae has presented us with many surprises in the 1990s. Recent reports have described truly novel developments, such as the spread of cholera into South America in 1991 and the emergence of V. cholerae O139 in 1992, as well as novel explanations for long-standing phenomena, such as the discovery of the CTX bacteriophage, which uses the toxin-coregulated pilus (TCP) as a receptor. The recognition that the V. cholerae genome contains two chromosomes is further evidence that despite more than a century of study, this species still presents surprises and challenges to us.
